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I. TKTROLV CTION 



The dynamic evolution of offshore oil develoamont in the Chxlf of 
Mexico in the last decade witn its elements of high costa, requirements 
for new techniques, ana erorrvus rlfics has a^ain demonstrated the forti- 
tude of the oil industry in it t continual search for new sources of 
petroleum. 

In this nev frontier there are no established Units. Drilling 
in depths of water up to 600 feet have been predicted,^" and nearly each 
succeeding publication of trade journals includes a reference to a new 
location, both foreign an d^r °s t c, mi<nre a search for offshore oil is 
being made. Tne potential areas for offshore oil must truly be interpreted 
in terms of world-wide operations. 

The challenge of finding oil up to depths of 100 feet of water 

has been met, but in the words of a Special Report published in the 

February 22, 1957 issue of Petrel, ira Weak , "l'he glamor days are over; the 

2 

make-it-pay stage is here*. 

Forenoet among th* nary "make -it -pay" problems facing the opera- 
tors is the search for the moet economical and practical method for 
gathering and moving the produced oil to the refinery. 

Operations in marshlands and inland waters are not new to the 
industry and the problems of gathering and transportation of the oil in 
these areas have been successfully met by the combined use of elevated 
storage (supported by either piling or a submerged hull), barges, and 
pipelines. These methods have been extenced to operations in shallow 

^References are listed in the Bibliography. 
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coastal waters, and it is generally a?r * a a t despite the high cost, that 
a combination of the3« methods offer the only practical solution in water 
deDths up to about i*0 feeto 

As the water gets deeper, the economic problem* become greater. 

The increased distance to share for either pipelines or barges advances 

the price of transportation 'in til the possibility of foreseeable economic 

3 

production becomes highly questionable, 

Tha search for new methods to overcome this problem is continu- 
ous, and it has bean reported recently that the use of submerged storage 

2 3 

in combination with tanker or barge loading is a strong candidate, * 

The basic idea of submerged storage is not new. Patent# pertain- 
ing to this concept date back to l°l6 and the records of the U, S. Patent 
Office show at least twenty other generally related inventions. The 
submarine, in a modified sense, can be considered as an engineering appli- 
cation of submerged storage since diesel oil is stored in tanks outside 
the pressure hull. 

Increased emphasis regarding this metnod of storage has been 
noted in recent months. Current articles in the April and Hay, 19*>7 

issues of Offshore and the June 17, 1957 issue of The Oil and Gas Journal 

li 5 

describe proposed types of facilities for offsliore use, * 

Despite this record, the published literature does not substanti- 
ate any operational use to date of a system designed for this purpose, 
and tliere are no known sources of composite evaluation data available to 
the operator who may consider this method. In the preliminary review by 
the author, divergent dos-'gn anproachee by different inventors and authors 
to many phases of the subject were observed and very few background data. 
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if any, were provided as a basis for decision. This condition Is not un- 
reasonable, fbr any inventor or architect mist assise a given set of 
conditions to fix the limits of the design. However, in the final analy- 
sis, it la the operator who must provide the specifications and evaluate 
the design for his particular operations. 

In the evolution from first consideration to practical adopt! or, 
the operator's decisions can be reached in one of two ways. He say 
attempt to evaluate a proposed design in terns of known or expected operat- 
ing conditions, or he way elect to provide limiting specifications from. 
which the architect will nrepare a design, after which a later evaluation 
by the operator will be made. In either case it is essential that the 
operator have a clear concept of the factors which can influence the 
design, installation and operation of the device. The criteria may not 
be constant and the resolution of some variables roust be left to the de- 
signer, but information regarding the relative magnitude and importance 
of such variables most be available. A single source document containing 
such data la always desirable. 

This study of submerged storage for off a hors production is directed 

♦ 

to the above need. A strict civil engineering design study for a specific 
application or a quantitative analysis Is not intended. First, such a 
study would be beyund the scope of the training of the author, and second, 
it Is considered that different operating conditions, weather, and erthar 
factors would preclude any standard design. Ratlier, it is hoped that 
this study will provide useful qualitative criteria to the operators who 
may consider this type of storage. 
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This stu <Jy Kill begin with separate discussions of the essential 
engineering factors end fundamentals which would be considered in tbs de- 
sign and operation of a submerged storage s ye ten. At the present tine 
there are only four types of proposed system for offshore production 
known to the author; undoubtedly there will be many mors in the future* 

The patent files include many Ideas which an operator any wish to re riser* 
Thus, a qualitative discussion of the fundamentals la considered appropri- 
ate to provide a basis by which any new proposed system nay be evaluated* 

In the discussions of the fundamental factors, a cm remarks will 
refer to ranges of liquid petroleum, fuel connections, eto*, which are 
beyond the scope of offshore production operations* The inclusion of 
these added details are considered appropriate for an operator in the In* 
dustry or military who may wish to consider other applications fbr this 
type of storage. 

After presenting the essential design and operating factors and 
their fundamental principles, a correlation will be established between 
offshore production operations, the general feasibility of submerged 
storage, and the basic types of system which have bean recently proposed 
for these applications. 
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II. LIMITS OF THE PROBLEM 



The term, submerged storage system or facility, as used la this 
study includes any non-self -propelled vessel, tank, container or structure 
which may be constructed, installed or anchored in such a fashion that 
the principle part of the system, excluding pipeline connections, will be 
submerged below the surface of the water under operating conditions. 

The discussions in this study will relate primarily to a totally 
submerged system but the following deviations are considered to include 
the same basic principles t 

1. A combination system wherein a separate but smaller, additional 
storage comportment is supported above the water by the same foundation, 
with a fuel pipeline or conduit connection leading to the principle sub- 
merged compartment which in turn extends to tbs foundation at the bottom. 

2. A vertical system with a storage compartment extending from 
the bottom to a point above the surface idiere it supports a platform. 

In the approach to this study, the following assumptions are mads) 

1. That, excluding any economic considerations, the basic con- 
cept of submerged storage is feasible purely from an engineering standpoint. 

2. That the product to be stored will be liquid in form. 

3. That the system will be located in offshore navigable waters 
of at least $0 foot depth. 

U* That for the foreseeable future, or at least witMs the next 
decade, ell pipelines will not extend outside the 10 fathom curve in the 
Oolf of Mexico. This la substantiated by the fact that only a fee pipe- 
lines hare been laid to serve the fields close to share In shallow waters 
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and very little optimism exists in p-utlished reports for extensions to 
deeper water. With prices of $13.00 and over per foot for an 8 -inch 
line end considering the potential ha - ards in both the installation and. 
maintenance operations, the feasibility is hlfhly quest! orv»B : 



III. WEIGHT - VOLUME - SPECIFIC GFJLVITI RELATIONSHIP 



A study of the characteristics of any submerged storage system 
would logically begin with the forces necessary to submerge the storage 
▼easel and to hold it in place under static conditions. A reviser of 
Archimedes' principle will indicate that the ability to submerge a vassal 
containing a liquid product will depend on the interrelationship between 
the weights, volumes, and specific gravities of the solid and the fluid 
product, and the specific gravity ct the water in which submerged. 

The determination of required forces involves relatively simple 
physics for any one given set of conditions . However, the designer and 
the operator will not be faced with an ideal situation but a combination 
of variable and changing conditions. It is these factors which males the 
problem more difficult. 

In the course of investigating these conditions the fo Hearing 
determinations should be wader 

1. What are the variables which can effect the buoyancy forces? 

2. What are the variables which can effect the weight car 
submerging forces? 

3. What is the relationship between the two in a constant volume 
system? (A constant volume syB tea is one in which the storage compart- 
ment is s rigid container and the stored products are not subject to see 
pressure. Any space not occupied by tne product will be filled with vapor. 

U. What is the relationship between the two in an internal dis- 
placement system? (An internal displacement system is one in which the 
bottom of the storage compartment is open to sea pressure and any specs 
not occupied by the oil »dll be filled with sea water.) 
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Discussions of the abort point* will bt Halted to a rigid 
•true tart which it completely submerged. Later discus clone trader this 
heeding will include flexible container* and * true tare* which extend 
above the water line* 



A. Variations in Buoyancy Forcee 

The buoyancy force of a submerged vessel is equal to the weight 
of the water displaced and therefor* is a function of the density aid 
volune of the water displaced by the vessel and its contained product* 

The densities of inland fresh water and sea water are recognised 
to be different but often the individual values are ccoaonly considered 
to be constant* This assumption could lead to substantial inaccuracies 
in the calculation of the buoyancy force, especially for tee water* 

The density of sea water deponds primarily on two factors i 
temperature and salinity* As the temperature decreases, the density 
increases; conversely, as the salinity decreases, the density decreases* 
Density variations with location and depth would be expected, but 
equally important, ooneiderable variations in a single location have been 

g 

recorded by the U* S. Coast and Geodetic Airrsy. A minima reading of 
slightly less then 1.000 for some locations and a maxim of slightly 
greater than 1*030 for others have been recorded. Recorded readings at 
e rnaabar of locations have shown e variance of about 0*020* 

These variations can be significant and mast be planned for* A 
variation of 0*020 would result in a change in the buoymacy of about 7 
pounds per barrel volume, or about 175 toms for s 5 >,000 barrel storage 
facility when completely filled* (Vote: Simple calculations involving 
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mights and buoyancy are used to Merely a how relative magnitudes. These 
include e 2000 pound toe, 350 pounds per barrel of fresh ester, end the 
volume of the tank's hull thickness or attachments is neglected.) 

Since the volume of eater displaced is ths other variable is 
buoyancy, this id 11 depend primarily on the si as of the rigid submerged 
storage container. Slight variations in the bftll size may be caused cy 
compression due to hydros te tic pressure but this will be ignored in the 
discussion. 

In s submerged constant volume system there is no pressure con- 
tact between the ess and the oil, and the volume of displaced water will 
remain oonetant regardless of whether the compartment is full, one-half 
full, or empty, is long as the container remains fully submerged, mnA 
assuming a constant sea water density, the gross buoyancy will remain 
oonetant. For a one barrel container in sea water of specific gravity 
of 1.020, this upward force will be equal to 357 pounds (350 lbs/barrel 
x 1.020). 

It is important to note the difference in an internal displace- 
ment system. From the definition, any space not occupied by oil mill be 
filled by sea water. Neglecting ary alight volume of the shell, the 
buoyancy force would be zero when the compartment beeme void of ell since 
the sea water has freedom to occupy all spaces in the submerged container. 
If oil is farced into the top of the one barrel storage until it is one- 
half full, one-half barrel of sea water is displaced. The weight of the 
see water displaced is equal to % x 357 pounds or 178*5 pounds .and ths 
gross buoyancy force is the sane. In e similar maimer, vhem ths oorp rt- 



mstrfc is filled, the buoyancy force will be equal to 357 rounds. It should 
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be noted that gross buoyancy dose not dspand on ths gravity of the oil. 

The design of a submerged storage will normally be based on aaxLarat 
buoyancy conditions. This will occur in the heaviest sea water when the 
storage is filled to capacity. Unlike surface storage, allowances for ex- 
pansion, due to evaporation and temperature variations are rarely required 
since the water temperature will normally be lees than ths surface or pump- 
ing temperature. One exception to this has be«i noted in the study of 
various types of system. In a ays tarn proposed for world-wide military 
operations, a barge Is used to transport fuel In addition to serving ss a 

storage tank when submerged on the site*? In this case, some expansion may 

« 

be expected during transportation, end it is necessary to reserve part eg 
the total capacity Tar expansion. 

fluasaa rising, it can be said that the buoyancy force of e submerged 
storage system Is a function of the density of the sea water and the volume 
of the water displaced by the submerged part of the system. In a constant 
volume system the buoyancy fbrce will vary only with ths density of tha sea 
water, but in an internal displacement system, it will vary with both sea. 
water density and the amount of oil stored. Examples of buoyancy forces for 
both systems, assuming a constant aea water density, are depicted In figure 1. 

B. Variations In Submerging Forces 

The forces tending to submerge a vessel depend en the cos^ined weight 
of the vessel’s structure, the solid ballast, and the contained product. To 
silk the vessel the sum of these weights mast be greater than ths buoyancy 
force. The amount by which the sum of these weights exceed the buoyancy is 
known as negative buoyancy or it may be called the sinking force (Weight 
00 - Buoyancy (B) • Sinking Force (S) )• 



Examples of Buoyanoy forces 
In Sea Water of 1.020 Specific Grarity 
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(a) Jtapty of Oil (b) 1/2 Full of Oil (o) Full of Oil 



Notet Buoyancy force of constant volume system is the same under 
all conditions. For a one barrel system, buoyanoy force 
(negleoting shell) equals 357 pounds in sea water of 1.020 
speoific gravity. 



2. Internal Displacement System (one Barrel Volume) 




(a) anpty of Oil, (b) l/2 Full of Oil, (o) Full of Oil, 

Full of Sea Water, l/2 Full of Sea Water, Buoyancy Foroe 
Zero Buoyanoy 178.5 Pounds Equals 357 

Force. Buoyancy Foroe. Pounds. 

Note* In this type system the bottom of the tank is always open to 
sea pressure an4 the volume of water displaced or buoyancy 
force will vary with the volume of oil. Thus, maximum 
buoyanoy force will exist when the system is full of oil. 



Figure 1 
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It has been explainer’ •-hit to* oaxunum buoyancy force for the 
typical one barrel contair.e" .soulr 1 be equal to 357 pounds with the sea 
water gravity at 1*020 A vessel with a combined weight of 357 pounds 
would remain submerged at equilibrium at any depth, thus an additional 
weight is required* for ouroosos of analysis, a alnimun of U pounds 
sinking force per barrel volume vL.1 bo arb'trarily selected for a static 
system. This would represent s typical differential necessary to ccw- 
pens ate for slight variations in specific gravity of the sea water* Thus, 
a total of 36l pounds submerging force would be necessary to sink the 
typical barrel volume (3^7 ♦li) to the bottom* 

The primary variable m determining the submerging force, and 
consequently the weight of tro vessel structure and ballast, is the type 
of product and its specific gravity. To show the effect of gravity varia- 
tions, a range from 20 degrees API (0.93 specific gravity) to 70 degrees 
API (0*70 specific gravity) will be used. These wuld represent practi- 
cal limits if a submerged storage were to be used with different types 
of products, crude and refined, under various operating conditions. 

While it is highly unlikely for any one operator to encounter 
this wide range of conditions, vile variances in gravities may be reason- 
ably encountered, and a mobile system would be more practical if designed 
for different conditions* 

The magnitude of «Tv>rif ,, r rravity variations ran beet be demon- 
strated by analyzing the extreme assunel conditions . When completely 
filled with a fuel of 7 0 d»gr*-s API (0,70 specific gravity) the oil 
would weigh 2li5 pounds ( 3?C x 5.70) versus 361 pounds buoyancy, or a 
deficit of 136 pounds to be made up by the weight sf the container and 
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ballast. For a 50,000 barrel system the weight of the container and 
ballast required would equal 2900 tons. 

At the other axtrene condition when 20 degrees API fuel is stored, 
the deficit would be only 35*.5> pounds per barrel volume, or 88fi tons for 
a 50,000 barrel system. In Figure 2, a olot of deficit weights to be 
made up by the container and ballast versus specific gravity is included 
between these limits for a one barrel system. This plot will show that 
the oombined weight of the structure (vessel) and ballast most be in- 
creased approximately 17 .5 pounds per barrel for an increase in specific 
gravity of 0.05 • In terns of a 50,000 barrel system, this net Increase 
would approximate 1*37 tons for an Increase of 0.Q5 specific gravity of 
the oil, which eould be quite substantial In field operations where a 
system was designed for a heavy product and then later used to store a 
much lighter product. 

The ratio between the structural weights and the solid ballast 
is always a compromise depending on economics , degree of mobility and 
surface stability desired, lateral forces, additional hull structure 
(such as air-ballast comportments, stress members, and sectionalised 
compartment) , weight of anchor chains, etc. Since these involve detailed 
civil engineering drawings and calculations, no attempt will be made to 
present any quantitative examples but some of the general re la tions hips 
will be pointed out. 

First, the entire deficit weight must be made up by solid 
matter if the system is designed to provide for nmsdwnn buoyancy condi- 
tions when the compartment is filled. This deficit will change with 



Weight of Container Plus Ballast In Pounds 



13 




Specif io Gravity of the Product 



Weight 



Required to ! 



©rarities ip l*0j80 Specific 
m-* -‘‘--"Asaumini 
lhsperl- 



is Requi 

; 1 -.-T-: 



Ill 



gravity of prnl-Ht. - - * * =t as-'xned that the system is 

bring deni j lor oul ■> r*ie vmv* » n. *:e deficit is constant. 

The flooding of extrn »xr U.:k' :• .* wla". not help. As coon as this 

type corapartmert become? fx^ed unde” « bnbrged conditions, it becomes 
neutral in buoyancy ar d in weir-.;^ sinr* the water has free access to 
flow out or in. the st-mct iral weight of the shell of such a compartment 
does help but this is h lid n tie t r t F. uid ballast. 

Economics will dlctri-e that t be trull structure be as light as 
possible since heaviei shell places are not only more expensive but acre 
difficult to fabricate into a vessel or tank. The 11 Mi ting factors in 
determining the thickness and the design of stress members will be the 
type of system (constant voium? or in’ Tnal displacement), rigidity re- 
quired in the surface, lateral forces , and possible distortion due to 
settling in weak soil „ A-l of the 3 e relate to potential stresses to 
whxch the system will oe subj +«ri 0 T} e designer will generally attempt 
to use the lightest possible structure and then compensate for the dif- 
ference in weight by solid ballast. 

The operator will oe mos* interested in the type and location of 
ballast proposed. As will l e discussed in a subsequent section, the need 
for a low center of gravity in controlling submerging operations is vex 7 
important and the location of the fixed ballast is the controlling factor* 
Data- table ballast will be . "ouosed for so. 19 systems to hold the system 
dov when •nihr’ere-ri v! hh 0 light fx. 1„ pr cedure can reduce tn« 

construction costs by uxe of th'.'ir»r hjli nlatea, but the operator Must 
carefully consider it in ter ,r f dP T o' ..obility desired, depth of 
water, and installation cos .s riosno-ti.v additional fixed ballast can 
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restrict tn- nobility u.'i the install t ion it even more difficult. 

Mobile crane equi proem' i b* ■ q ir i the tanks must include setae 
type of sxnrt or structure to no^l U e ^xast in position; and divers 
will be required to iasten t ir* poslti * As a general rule, it la de- 
sirable for the system to be construe* ed with sufficient inherent e ink- 
ing force to hold tue stertg# n the bottom under maxima designed 
operating conditions.* 

S' *e patents have re- - end-’ tee use of an anchor system to pro- 
vide submerging force* r *t *; procedure .j definitely not considered 
practical for the following reasons: 

The discussion so far has be*=n I united to a static system with 
no consideration to lateral farces of winds, waves, and currents, A 
discussion of the nun ; turi* of these forces is nremature at this point 
but it is known that these forces decrease with depth. Therefore, it is 
desirable to keep the enrage facility on the bottom where they are at 
a ptiniimm and where the re3i.tance of the bottom can assist in prevent- 
ing lateral movement. The magnitude of the wave forces can be enormous, 

A typical storm force against a submerged barge (100 ft, x 1$0 ft, x 10 
ft*) in 100 feet of water has been calc Hated by one author as 81*0,000 
pounds , 10 

Mobile anchor sy3tens are normally used to prevent lateral move- 
ment rather than vertical mnveraeut, and 12 degrees from the horizontal 
is considered by the 1 ary as the maximum for efficient holding power 

A degree of vertical holding force does exist, but it can vary 
greatly with the type of soil and the type of anchor, A thumb rule of 
three times the weight of tv anchor is often used as the break-out force 
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for a stocklass anchor with stabilizers In a sand bottom. The breaking 
strength of the chain would present no problems since chains are a reli- 
able which will withstand a l.*? all lion po . -d load.^" 

No data were found regarding break out force of steel piling, 
but it is assumed that they could be constructed to withstand greater 
break-out forces than mobile anchors. 

The significant disadvantage to moored submerged systems is that 
the anchors would not only bare to provide submerging force, bit would 
have to withstand shock loads from wares. These vcaild hare both a 
horizontal and a vertical component. For these reasons, it is considered 
that submergence by the use of anchors would be limited to small storage - 
less than 1000 barrels - ender «xfcj£»ras5r good weather conditions. 

The above coranento do not strictly apply to a piling systmi 
wherein the container is pinned down to the bottom by the pilirig. In 
this case the ware forces are essentially horizontal. 

Insufficient data are available to date mine to what degree pil- 
ing of thin type can furnish submerging force. Although an irapreesion 
was obtained in a review of many articles on drilling barges in the Oulf 
of Mexico that in most casus the pilings were used primarily to resist 
lateral forces, it is believed tliat they could also be employed to hold 
the system down under conditions of maximum lifting force. 

Summarizing, subwrging force is a function of the combined sub- 
surface and above water weights of the structure, ballast, and the stored 
product. The range of gravi tier cf the product is the primary variable 
in deterrdning the submerging f>r? a (xnbined wr.'jbte of sti-nt-urm 

and the ballast (fixed or detacb-ble) shoul 1 be sufficient to keep tb* 
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system submerged when filled to -raxumn capacity with the lightest product. 
Pilings are sometime used to help hold the system on the bottom, but they 
are usually installed primarily to resist lateral forces. Anchor systems 
are not considered feasible for keeping a large system submerged, 

0. Constant Volume System 

Some of the patents hare indicated the possible use of a constant 
volume system. This would be a very rigidly constructed pressurised 
vessel wherein no pressure contact between the product and the sea water 
exists; and when it becomes eroty of oil, the space is merely filled 
with vapor. 

The severe lirritation of this tyoe system should be apparent. 

It will be recalled that the buoyancy force of a one barrel submerged 
system of this type will always remain constant at 357 pounds (S.G. sea 
water - 1.020), since the amount of sea water displaced by the constant 
volume is constant. Also, when the system is full of the lightest fuel, 
the weight of the cont.'ner and ballast, from Figure 2, must equal 116 
pounds per barrel volume. But, look at, the situation when this type 
system becomes empty. The weig >t of the vanor is negligible and it is 
apparent that the entire buoyancy force must be offset by the submerging 
force or the weight of the contaxner and ballast. Assuring a submerging 
force of 36l pounds (357 ♦ K rounds sinking force) is required, a com- 
bined weight of 182 tons for ire structure and ballast would be required 
for a small 1000 barrel system when empty. 

In addition to this f.vrtor, the vessel would have to be constructed 
to withstand the complete hydrostatic nr-esure at the depth submerged. 
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The conditions under which even a enall $00 barrel system of this type 
would be practical are nry remote and it is not considered applicable to 
offshore operations. 

Do Internal Displace* nfc System 

The essential features of an i t*-mal displacement system are that 
the oil is always in pressure contact with the sea water when submerged, and sea 
water will fril any space not occupied bj the oil. Tills is the only type 
system considered practical for off snore operations. 

One adva ta, e to tr.is sy .-^a* is that the pressure is always 
practically equalized at any helht >n both sides of the storage compartment 
and the shell does not have to be constructed to withstand a large pressure 
dif f erential . A small differ enxisl will exist due to the necessity for 
restricting the size of the se a valves Another advantage is that the oil 
is always under pressure doe to the hydrostatic head of the water and natural 
discharge flow, within certain limit*, will take place. However, the opera- 
tor must keep in mind tha • a serge tank arid popping equipment will be re- 
quired to displace the water when filling the qjrst.a n with oil. 

The principle advantage with regard to buoyancy and weight is 
that maximum submerged buoyancy (excluding any possibility of air tanks or 
air pockets) will occur when the system is filled to capacity. As the 
oil is used, or discharged, the weight or submerging force will be reduced. 
However, this reduction in volume of oil will also reduce the as oust of 
water being displaced, and sine 9 the specific gravity of the water is 
greater than the oil, the loss cf buoyancy is more than the loes of weight. 

A larger submerging force is the net effect. From this, it is apparent 
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that the desi|jr would normally b« • n ed on maximum capacity when, under 

submerged conditions, tne ouoyancy force of the system la the greatest 

and a 'greater fixed weight is required® 

In previous discussions, two facts were established; one was 

that the design is usually based on conditions of maximum buoyancy and 

the other W8 a that the maximum submerging force or combined weight of 

structure, ballast, and product is dependent on the specific gravity of 

the produot. How are these two relationships reconciled in a completely 

submerged internal displacenent system? 

First, the system can be designed for maximum capacity of the 

heaviest or an intermediate weight fuel® This will permit use of the 

lightest combination weight of the vessel structure and solid ballast. 

If the system were then filled with a lighter product, additional solid 

ballast must be attached or pilings must be used to keep the vessel 

submerged. Both of these methods are recommended for two different sis* 

systems proposed by the Sea Engineering and Salvage, Inc*^ Detac h able 

solid ballast is recommended for the small semi-temporary system and 

pilings are recommended for the larger permanent system* 

For the operator, such as the military, who may desire a true mobile 

eyBtem for world-wide operations, where cranes or construction equipment are 

not readily available, pilings or detachable ballast are not practical® To 

save weight of construction and overcome this problem, a different 

9 

approach was recommended in a proposed system for the U® S. kray. The 
designer recommended that when light fuels are used the rated capacity 
of the system be correspondingly reduced. By this procedure the fixed 
weight of the vessel and ballast would compensate for maximum capacity 
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of the heaviest fuel of 2 $ decrees API, but these eel^ite vculd only com- 
pensate for $ 0 % of capacity of the lightest product of 70 degrees API. 
This is considered an estrone approach and is not recommended for use in 
offshore production applications. 

Another approach is possible. The fixed weight of the ays ten 
can be designed for the lightest product. This in tarn will require the 
heaviest combination weight of vessel s true We and ballast, but the cost 
of construction can be excessive , This method does have the advantage 
that sufficient static submerging force is available under all conditions 
and a design approaching this limit, consistent with economics, is the 
more practical. 

For a mobile system the problem of surfacing anst not be for- 
gotten, especially for the heavier construction. Separate air ballast 
tanks may bo provided, but positive controls crust be available to insure 
that these tanks are completely flooded when submerged, or rupture due 
to hydrostatic pressure may occur. The main storage oompartnant may be 
deballasted with air after insuring that no oil is present, or flooded 
pontoons may be lowered, attached, and then deb alias ted. 'Ore essential 
point in this operation is to keep free- surface water to a minimum for 
controlling stability, thus deballasting should be confined to spaces 
with the minimum horizontal surface. Sectianalised compartments will 
aid in this operation. 

The advantages of an internal dls placement system have been 
pointed out In this section and It as considered to be the only practical 
method for offshore operations. The critical point in the weight- 
buoyancy relationship exists when the system is foil of the lightest oil* 
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At that time, the net difference between weight and buoyancy is at a 
w ri.nl m um under submerged a,ndit orw „ Where economically possible, the 
combined fixod weigrt of the structure and ballaat should be sufficient 
to hold the ays ten submerged under these conditions. Detachable ballaat 
may be used in a restricted mobile system when the operating conditions 
are such that installation is feasible; and where pilings are installed 
to resist lateral forces, they may be used to offset small variations in 
the ovor-all weight -buoyancy relationship. 

E. Flexible Container System 

The previous discussions have been limited to a completely sub- 
mersible rigid container system. Several of the patents have suggested 
the use of a submersible flexible container wherein the container is 
held suspended under water by an anchor system. 

In this type system no provisions are made far ballast; the 
weight of the container is practically negligible in comparison with the 
stored product; and the d-ficlt between the specific gravity of the 
product and the specific gravity of to* tea water nest be offset by sn 
anchor system. 

Returning to Figure 1, it can be seen that the holding force of 
the anchors must range between and ll£ pounds per barrel volume. For 
a small 1000 barrel system the an chore would be required to have a minimum 
holding force of U5,000 pounds with the heaviset oil. This does not 
include any additional forces generat'd by wave action. 

For this reason, plus the inherent danger of rupture by vase els 
or large marine fish, this system is not considered practical fbr 
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offshore Applications* 

F. om.ination Stora -* and Platform System 

The general features of this type system are the combination of 
a submerged storage and a structure • : ch extends from the water bottom 
to a point above the water line where the structure supports a production 
platform* 

This structoro could be fixed in that it Is constructed on the 

site out of prestressed concrete piles as proposed by Mr* Steenmeyer of 

12 

the Meno Grande Oil Company,, In this design the entire structure is 
a group of six tanks, each fixed to the bottom and extending from the 
bottom to above the water where a large platform forms the top of each 
tank. (This construction will be described in more detail in a later 
section.) 

i 

On the other hand, the combination storage and platform could 
be a mobile structure as proposed by Bethlehem Steel Company.^ In this 
structure a large mat supports huge corner columns which serve as the 
main submerged storage compartment. Separate structural members, sons 
of which form oil conduits, extend above the surface and support an 
additional storage tank. The flat top of the above-water tanks serve as 
the production platforn. 

The question is, how do these additional above-water structures 
and storage affect buoyancy and submerging forces? 

Both types are designed to operate as internal displacement 
systems with oil entering the top and the water access valves being 
located in the bottom of the structure. Thus, the aaxlmiai buoyancy feres 
exists when the systems are full of oil, and it will be equal to the 
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plight if t e vol<.fir o: w. c J y ti- cor- Inel structure end 

oil which la below . ••• ic *-> of the structure and the oil 

ar* aboW w :*>r to* b . - -m i’f • •• f -js ayatm will b-* less than a 
coiapl* tely sulnerr»d sjtt*i >f - ual ?o *city 0 

As for the s b*v»rpir v force u weipht of the combined 373 tern, it 
will act in the same manner as fex a x.*wle 4 ely submerged system. The 
total downward for-e will be equal t tne total weights, both above and 
below the water. 

It can be seen that a mo-e equitable balance between buoyancy 
and submerging forces tan V oataine 1 b7 this type syston. On the other 
hand, this present discussion Is limited to a static system and this 
type system is inhe on + ly **»re tep n-svy and is subject to much greater 
forces from winds and wa The relative magnitude of these separate 
factors will be presented in other sertione 0 
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A r»vl of the patents relati v to the subject of this study has 
repealed that no consideration has b«on dven by roost of the inventors 
to the lateral for 'es wnirh -'an act on a submerged structure* This neg- 
lect can bo disastrous as proven by th« results of storm and hurricane 

«i Q 

action against some of the offshore platforms in the Gulf of Mexico. 

Lateral forces can be defined in terms of currents, winds, and 
waves. Soil characteristics will also »ff#ct the ability of the structure 
or tanks to resist these forces withe >it moving from location* 

A. CurrT'i* 

Since this *t Jy s r «*ricted to offshore areas, the currents 
0 Jl n-t b«? .. fon*. i ... fc»'./«d in Flili Itchardcs text- 

books for uniform currents aroinst a s\itt-*--*rred body can be used to show 

13 

the relative magnitude of this fo~oe„ 

Drag * C d V 

*7 

V,.ar* % W * rpe-tifio w«t<y.t or the fluid in lbe/oi. ft, 

V - *«ljcity (*■ rr.«r»f in ft/seo. 

I • •-•r-itiari -• gravity 

i • pro Jar *. •! -rru*« -ee-tion <re* of structure (ft ) 
r d“ *"'«■ ’fi - ** r rfjich is d* iVEv'T.t. oc the 

«' * - : o •' » »d Reynold* Uarober* Fnr 

• J i»n * drw ■*<* -'ficlent will 

ZU 
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r*»ach a dirt-al value and will remain 
fairly conat an* a* the sixe of the can- 
<-r "'r? ty • n'-reasee, 

4»*valng an averur* vela* of J 4 for a a/»ooth cylindrical, 
largw nbo^r^ed tank a»id a veixriity of 5 knots (8*5 ft/eea.), it 

can be shown t «t tue i“« z tor re <*>:■•* -.«! »i romaste 29 pounds for •▼«ry 
r roj-cted square fovt ' a.-*- 1i rat 'tlh o; the current, 

A velocity of 5 ivw t* . / ->v : •• rv*i tx be a very strong current, 
«r»«i for the O0_f of r*ua.v„^ Vdie Lei* fir a* taiuvo., b» oorapleteljr 
.goured, the Diagnit.../- ir ; J o* v» rr aj>*uil la comparison to storm wave 
eifauta in most area-) of c;t<>j.o: « 

, Wind* 

Wind »*f/ec*: — m t%»ivaa of two phenomena.. One 

is that vi-uie are the r 'it- «-.«■. » • • *<• o’ -*v a; in the second case, the 

fore* of the winds «. aii." * - »url » >«• wet be considered. The first 
of the** Ctfi tv dit ousted uu amr the hneUbg of wave efface* 

0n« of the adva t. *• ■>.* <» caolet-.y r beer ei etor*<a system 
is that there are no exp - •< •■ i j-'* to the fore** of wind#® 

The operator who desrr^s • «»"-i n»v r> surra • . «r.d platform ervwt ignrre 
tie wind* In an article in i'«* 1®>5 lss a of Drilling »nn Production 
Prac wlce pul-lished b. -Ir Ar-rrice.. I o 1 t» Institute, Dr 0 Richard J» 

reporta that th* magnitu-.tr. of nr nd forces against offshore structures 
has been the subject of much cen* rovers*' . &§ concludes that most de- 

signers use a series of a>- re *• ?«iv*s fmr a 125-«rr" wind, Tbete valuas 
vary from 1*0 to 62 »5 pounds per aqoare foot for flat surfaces and 20 to 
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l»y »*Ud •>- -.'fiy aL <it« r t *>:^4 ic -Id e* * ooa-rrehanaive pro- 
ject In ilt- elf and is cepond tb* ercf* of this study. lowever, sow of 
tae nesic fund»eenU.f a.;- e w jt ti. - relative of war~* 

will v -. <w --xa! Lt l.t»3 in se>val references 

00 reaming the JuLT >1 M-xd * 

A «*ve «tud,7 ! >ir n »r . -*.r will daps* J « tha **eteoro] ogi- 

c *1 and ocaeno :re; 'i 1 » *iiacie . * x *mt with the probabilities of 

0'?<rarr«r»c« of tha *e * t ■ 1 i'. t lac.> . r.w»ee da la must than be interpreted 
in tanas of tha a-j— t/ u ■' • < vr» ; namely, w«re length (distance between 
sooceeeive create), wa>» «-«j..3ity (.i«« lmgth/wava period), «m steep- 
ness (he: ght/lerpth) and h*e e till waii>r depth. The ooapiling of 
representative data fcr a giver irea is do jinrle task and tha lade of 
this Information complicates vtte etudiaa. 

With tha axc» k T.ion if ir/rsgu«Btly ore or ring tidal waves, tha 
principle energy of omi is in wind u r*e and swells. Of those, tha 
wind waves are th» eon tsrj- , alrc * ti- swells merely represent the 
raaidua of wind «t*; in «re«- « d< >i«n»*e frue the -•owrating area. 

T>> tire- fu-Ttora *r. . • .70 *em cimana'-one of wind waves are 

»ind velcriiy, w v-r«ti.r , - . ..>.rh (linear distm^** over which the 

wi.a ! dorwa). latte iaetc . are uaal V. determine wl-ie* of wave height 
and w*Te o*rlod V7 of s^xLrinwl '.netl*# wtim. »tasistical data are 
not available. As a , -*nerel rvl* , • .7* periods in iba Oulf of Keiico 
will range froe 1.0 to 10 s-.-onfe wi»i. rrv«.t*r periods being associated 
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with stormo. W • •• -hta a out 3 '<et are oomw.-£i with fraighte up to 
50 feet predicted for hurrxcan*- • 

A definite d:stin* 'ion t*xa* be *vJe with regard to the relative 
depth of the water in determining wave effects. All theories are based 
on a distinction between deer water, shallow water, and intermediate water. 
It is important to note that tteee classifications cannot be defined 
solely in terms of mean wrter depth, but must include the wave length. 

Deep water related to a condition when th'- depth of the water exceeds 
one-half of the wave leogth. With a typical a torn wave length of 600 
fe«t, deep water would b-ftn at 300 feet of water. Shallow water exists 
w.^>n the depth la l<3s than 1/20 of the ware length, which would be 30 
feet under these theories „ Intr mediate ew^er is between these extremes. 

From a review of several refer-nc*#, it is apparait that all of 
the engineers agree that the wevs fore;* are at a rnaximm just below the 
surface and that the • ur: i t* da d«'-^a»«r w^th th» depth of the water. 
However, there appear • to • - ro. irowroy as to the amount of de- 
er- o- witt depth. tr>e s r - *u|-our , a a tbao ry »Jist 9$% of the wave 
■energy is contained r-t%e*ei *o<» a irfae* v.d t water depth of one- half of 
wa*e l^ngtn.^ In tntr ». *• th*’ forcee oould ba sutoirtantial 

o.*t to a d*pth o- v • OD ter t ysjwr severe store anditioos. 

The aese for -t ee>* -vr i-oe « wa*iRe structure coneist of two 
kinds: a drag fore* wwhpon*ut *hisb Is related to tie tlnstic »ergy of 

u.e v*tsr # me ji i.n*rt:A". t - ’zb is r*Ls‘ *j to the accele- 
ration of Uf wet*'*. 1 be ibroe will predominate in all casne of 

fuis*r*sj *t. t urea an.l V U O Mi dl * fere* in « r *»..o of ubc at 15 to 
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or fur 1 a- • ,»ai i • . . „ " 

Uivtnit • ivir . *n> ni ljh fe»t diwietear, Hit feet high 

rv • " vatw - 100 f»*»t 

*4 •*. ,i- J . ^rjt 6. <6 feet 

fe*t 

•to-- ?' -TXl • ml - 2 ,.71 

Wual ' -tct >0 ra 1 

A- !•*.* f •'r- * *X!l ■ • • t all point** obliquely at 
L-> 

Calcul»t-i ikalv.u wave tor e 419,160 pounds 
It Is not v-t a. vied v- ' y th**. forces of this magnitude will be 
encountered in all area’* >f operation or that 4 storage must be installed 
to withstand these extre<*‘- a re elf© t •. „ The«e calculations are presented 
to ’e.rely snow the r*»:at ve iroortar.r* rf 8 tom condition*. It _s evid«t 
’hat a stutf of thes- • • le. n n“>*.veary in tne plarminf of a submerged 
• to rap* ays tern. 



7\ r.*f • t. .f Jetl Cr.*r«c tens tics in 

L^odra,. Forces 

Any «t~dy r? « , 'dtii; i • ti»l jtv-^al forces for a giver area 
tril* incluae a con’' * r *t ■ Ttigau ’n o: t. • - cf *o\_t . i’a»*v*r.» 
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bottoms, reefs, sand bar* , and tie si p*» 3 snclf are conditions «'ac , i 
vill have soiae effect on tn* uli *.ve fc*r„-e s Equally important is 

the shear strength of the soil. 

The shear strength 'B ►ssenttal ■< tor in detraining the 
method to be used for resistin# l«te~Vl f vo. The coefficient- cf fric- 
tion between the bottom and lie i 'itv-c rged ‘■tr i ri«re should be interpreted 
in a similar manner. Ih*se valvr* vil] normally rang? from a low u «rul 
or silt to a high in c impacted sard In the > fter bot/ as a great*- 
degree of resistance must b* prov*-.^ j_ *he anchor e » ilinf Sji- t-ep.u,. 



Th" signif cane* of t. .* mp* ;‘prv- on re^anUr..* later*: f< • - ** 
must be interpreted in ten-s ' inr. - o> •» to ba :»ed o resist 
lateral anreernt .« Taa nro'.x’* 'a *-»t -rr >- .jntabie f-r sur ♦*af il u** 
of the *ub«*arsible drillirv -»t^e im» c««j e7p-.ri«.ced ii offshore 
operation?. 
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4 • -<■ oi 5 <>. \r - .*v * i > • ter hand, w:uld 

-it/* a *» ' 1 ***•• . r 1 w . l3r*: t •>«! *3 • /h raall varia- 
tions 1 r j.at*'a_ »n - r ,r .»* -,t w w, *hes to consider the co«- 

\lra* ,, ’ r r.' r -r»£<t a-ir tit •- •'>- , .« . i- »* • r »t the pcfeutial additional 

'••rcee against this #tr rev* *>•-.■ ‘-.eluded in the d»ign 

calculation*. 

In a previous s-r-s* mc-. 11 B, the dlsadvai tapes of the nee of 

an atif.icr sy» + «« in t . • •*.) * • ^.sel were pointed out. It is 

o*_irvrd that tt* rr ,,.-i. w w«vn eifa-.te prove - .nelusi-vely 

!*t s:ff-r.en: uefatlev fcrjoyeturj Ifl »weeds-fi »*ot only tc suteenv* the 

v* ^^l but »!j; to Ui r^»^V. i»t*-:al f^rc**. 

The precise r, \*j >i « j**>’ for r»-’.«ting lateral action cf a 

r-lroer:- ' 8‘cra.** s ••’eai a/w«ct b* d* -min-d until the * nditi.>ne under 

■> ich it wixl op*r*i*" *r«» ^^*..••"1,, . . tion to soil o-nditione, the 

degree of w-v J.ity >. .r-tf •:' , 1 effect * e deca«icx.., 

V r >r a §nrs*4» w <• l.r . p.. ,-*• of r*bil1ty the use of sufficient 

negative ;.coy«nry or ' < » ecu - r* ri**. fi.r«>< • ona id era t ion. 

S»veral of fahore .ir* I_ - . *>• r - is* •-,> tpl*, arei :.h* Serr McGee 

8tU 4(6 i# rlalaed W jr • vie-d lateral S3 irpirf by Ml shear m* (202 ft. 

1 9 

X ilii fin) trul the op*r. s t^’ry on rb» 

A Itu4> cf a »• -.--*«*' f »r vorld-ICLde mil taxy operations 

*ar,-a*te that a ?f« x«.rce •• ■. ■ te e'tffiii^.t for a 50,000 

p-trrel ertiiia ?•,» . r ».- • *»-.■*». r *. 9 This d.n}iqf f*«rc* 

Is bised or an aarutapti .-a . f - »-*~t m t a^vinc «*» net the hull, 

r < other lateral iorcej mtre a <r«r?tl.’« :*.~mder'-d v la view of t>v 

pot*' tial wave effect* u#iae: ;• .'oc< ,i..as, this assuaptlon _> ccwidered 
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«u'ia « j_y 1 . IC.r. • > • 

rn Ur > .*<• * »<•'■ u-**:’ i y many of the iffsbare 

iperv.ors fcf orL.2 . L*_r;r*„ -.-..a *. , *e •ur**:’ st&bii ■ "d *v v>n‘-oooe or 

r<«ii»eon3 •- tuated by hvira u . j r « * - ^ «ris which will pr*ss against 

the floor of ths oor»t t? hold e . ' _ r gi &y i f * pl*<**» Others have 

19 

pinned the bar.^** to * t«- • • . - i •• : oilinc. 

Different •** 'Sir- is r« r '-*r for tfc* t^-.-sixe systems pro- 

It 

posed by th*- Sea Jh-o t * •rlnr r.o Seiv*. e In*. In the snail 5700 barrel 
t*nk systm th* techniques include *hr«»e v*'.oes for providing sinking 
fwr*-e ai-d r-sist. ng la **r*I e^ii'* . he t-*rck is jet’ ed 10 fc*t into the 
<u.d b* ttorv (a cnK*n .w> ni. ti *n *ir.*j \j\ the "Hi' of Mexico), three anchors 
end to; ring chains are js . #iJ nrel tfirrcated reiriforced concrete blocks 
are lowered and attached to an anti-s.our skirt of the tank. In their 
larger &L.500 barrel, tank, they prxpos* tc v e piling driven through a 
toaplate. 

It is indicated the t tie cock inm tion. storage end platform system 
proposed by the fcethleoer. S’-etl ~ rxm. y vxll have sufficient sinking 
force to hold it in pl*c» .j .d*»r t :vudit s.'* This system also used 
a large mat with open center sections in the bottom of the structure. 

The author describing this eys'tm rer rta teat a special clamping device 
(not described) may be added wiet the* system booomea a permanent 
installation. 

Since the fixed installation rr?u>need for use in Lake Maracaibo 
is constructed by drivir< vertical pdltrw into the bottom and then con- 
necting these together to form a taru . •ntain*r, the resistance against 
lateral motion will dep-nd -n th* 3 eh*'a- strength of the soil and the 
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etrength o r the pilin t , 

Tt i* evident that 9 lete i’ jdy of the potential lateral 
forces for a given area is r **eded b^fo’-e the exact deaign la fixed* 
operator moat insure that these far tors have been considered* 



The 



Vo .'.OTL -EiP_JN 0 CAPACI7T 



The effect* ><£ «oil char ‘teriet ca on lateral force* mi* been 
mentioned in the prevr us sectum,. taring load capacity of the a oil ia 
another fa tor tfiicb the cp'rator In par-tirulsr mast consider. 

Tber* are meiy ares*, esp*:’«liy the Oulf of Mexico, where the 
load capacity is of great important The soil in this area has been 
described as young in a geological s mas e with little strength, lack of 
uniformity, and high *»t*r cont«-.t„ In all areas of potential opera- 
tions a preliminary survey of the hot ton for the proposed site is con- 
sidered essential* 

For mud bottoms, the possibility of the storage system sinking 
completely below the normal bottom leveu. en.st*j and in shell reefs or 
rock bottoms, ur equal settle - could caaae distortion and unequal stresses 
in the tank structure* In all cases, the slope must be considered to in- 
sure maintenance of stabtltt . ~ 

In areas of ■harfl*' bottoms where uc settling is expected, the 
only requirement wil be to find • level 1: ration. The depth of mid 
above a good bearing crurfa.* will be the criterion in soft bottoms* 



VI, CCfTRCL a* ? sm^ing and S'>RFACINa operations 



The method ol' .•vmtrol 0 :' s ;*«• rgirg and surfacing csnnot be 
United to a technique which merely ^har g*s the inter-relationship between 
buoyancy and weight as discussed under a static system. A lean for 
regulating the rate of d»eo»nt and a?c«ai t to prevent darrnge to the hull 
Bit be provided, but mo’w '»F •-rtant , positive control over the vertical 
stability of the system must be weintain^d. 

The use of water barest to change the over-all weight -buoymaoy 
relatiorwhip for sub<-«rvei»'* is an accepted nractice. Control of the 
influx of water during s • »-n e nee and expulaion of the water ballast for 
surfacing can be handle., ir. t«n — r»» (a) controlled air venting for 

sinking and use of air preerufe for deballasting, or (b) use of pumps. A 
caabination of the '.wo methods also c*r. be used, but the pumping system 
is considered too slow for any practical operation involving a large 
storage. In the air eyet-v , valves located on ths vent line are used to 
control the rate of ballasting or d-bailaating* 

Maintenance of v r&cal stability can present a substantial 
problem and the principles must be understood by the operator as well as 
the designer. St.ibilit,« of a vessel in water depends on three basic 
factors i the location of the center of gravity (designated as 0), the 
location of the certrr of buoyancy (designated as B), and the righting 
moment. 

The definitions of the center of gravity and the canter of 
buoyancy are ccrwnly knowr. The relationship between the two in con- 
trolling stability is less understood. Under all conditions the resultant 
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upward Tina of force acts throve the center of buoyancy and the result- 
ant downward line of force acts through the center of gravity. Wien a 
vessel is at rest in a vertical poeiti n* these lines of forces are act- 
ing in the sane perpendicular lii* and are equal and opposite in 
direction. With any slight inclination, the two lines of forces diverge 
due to a shift in ths position of the center of buoyancy and a /arisen t 
force will be formed between the two lines of forces. The resultant 
direction of this moment depends on the location of the center of gravity 
and a point called the metacenter. 

The metacenter (usually designated as M) raay be defined as the 
limiting intersection which la approached by the lines of action of the 
buoyant force and the original vertical through the center of buoyancy. 
This relationship is depicted in Figure 3 where GZ is the righting ana 
and the righting moment is the product of the weight of the vessel tim«e 
the righting arm. 

The significant point of this relationship is that a positive 
righting moment is provided only When the center of gravity is below the 
■etac enter. The maount of freeboard, the relative width of the beam, 
the form of the hull, and other factors, which can only be properly 
evaluated with «q experimental stability curve effect the range of 
stability on the surface. A morr critical situation existe during 
submerging operations. 

Naval stjriies of i v ne rqe’vtioes show that • he position of 
B, G, and H will vary consider. bly dur'nt rhvi* t *rvt eurfe/Av, Dutia: 
submergence the geometri fare J the *\ter hul. d the cert *r of 

gravity continue to charge V_* t t'.e ami*'*. wit-r ballast urtil at 
complete suba»»r"«Pce, -- . :•« 1 er t/.ac the 'enter 
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Hotel 



Notet 



Hotel 




Resultant force is an upsetting moment which is equal to 
the product of the weight of the vessel times the up- 
setting arm (GZ) # acting in the direction Z-G. 




the produot of the weight of the vessel times the righting 
arm (GZ), acting in the direction G-Z. 




Resultant foroe is a righting moment which is equal to 
the produot of the weight of the vessel times the righting 
arm (GZ), aoting in the direction G-Z. 



Figure 3 



•->' buey»*vy, •rd t?y* i" ?•» • *- :*•* «i it tb* ».tcr of bticT’Ujr y will 

be idW'itra.] . T^>r ri r..tiLW «*• . c ’ bm vowel V» vhe die tance bet w een 
3 0 or N - T tiiare * * r _».* ••v le f .nellftailo;.,, The 

iaK ■mn: It alva/e e .. tr / > j ..j, <•«»...>*■ t«m the rip-tinf ar^ 

!>i* above cor«.itli*e j**f»»*' — i'.e c« r >i*r of cTavity as the 

w'ttj a sir *«rlr.-„ Otl- rwiwr , th** -* r of n ty any be *<•’*« the cen- 

ter of bucyancy In 0*lch cju > ** xpt.e’.e 'ability would result* 

Th<* critical r- int sf eta' lil’y «xas be durifti stfceiergenoe when 
a f r»e-wu.” face effect is v reeox.t in »*»• h. >!' -w jf the water ballast 
ca*»«rt»nta e Voter «oj expert*' 'U| onundltilOEs, It le considered 

virtually _*»r- ^ si 1 i« f • fre* to b* ribvtreo or srorfaoed In 

such a fashion tna: fy v<«<jr ( « 1 *at will rime or lower per ,, *ctly 
horlaonvwy . r . •• vn. v ill -wiMatlte any aurface 

notion of the liqiLiil, out *n- si t„<M -*t »w« _1 will cause move*»nt. 

.t has b«-n prove*' :«y revxl u- ")j<rs b\a* th* free-aur:»p* effecte 
•ill c» , *‘ • the wei,-v.t •! - - fr» or! •< •■ fl aid to rota i- about its own 

•-stacenter rather thsr It a carter cf ■-*%?* ty ard the resmlUot effect is 

21 

the .-nter of et'*nty • S the v»-j-a kill rise vertically* Further, 

exj-oriaents have s •'wr. V at U •» .pv. c shift of the cw<ter of gravlay 

in a aubwanjw is rv! tha* • <w^>* -rto’ y negative itaMlitv can exist, 

e»er> w. f * \.tm i*ov»r if < \-r re* In dditlon, -'a r t> a v^a *el is below 

tha >urf« • or t m w.-nr br.» 1 . tudb .*1 stability -s vcre critical to 

•hie free-eurfar* eff «ct tSar t.raiaaver.a sta)'tl.ty« 

Th* aoovt briyf di.--' laal^r •'ability haw b-*© pi^aented to 

.•^•int »"t tbe d . r rz t- U\- >< t mj propase of to* 

9 

•sloklnj xw e.-uj CrfV" » s>""* rging a st-r*cw e^eel. Tttis 
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t .v-.- b»-«r r. - • *1. • w*t* i.*-- i than JO f*el 

for b<irf*e wir ..•••• -* . V»«a*er. + *&<■'< i * be --o.r ed 

*it that : - :» <*lru re* 1 • -•• W-*3< * d*h* vc -y i .w j»nt*r of 

. ; • str-i- • *»j* ■- ** r -■<• ••’ -: * myj the depth 

•f the »at-r va* ?•• • f-a* v ♦ wa* L listed with the bottwa b»- 
'‘••ra the darter of <\*r • r. <v • -.:•>■ , 

Th« d«x*rs *f ' .ng **.•* a.id first" vu apparently ww ;- 

*le<»d by the 3»thlafc* .*/■- _ny n u>"\t study of a t r ±m* rfed tank 
cattery aa reported b' Kr„ *-<17. It i s re*, r ted in this article that 
this vwthod :*• been o*e: shall** water barges, but tint they hare 

a’>*u: -ned thin «»th« > u* fav^ o' the v-rti.'al ainldrv **tuod far deeper 

It should n t v -» a/*. <►■•" 'ro,i toe above ^o»en*e that the vertical 
s^Hling artjod is a * * •"A* t. the 1 rr*.l^ ef stability during rib- 

anrgiiV operation#. I'jwa rae>i*te ech-er^nc* the water plane area 
(water t f». freeboad) ie r •*' to s*fo and thi sterility beooeee moat 
ertti rel unites the c«jver nf ; • '^ty is extra* ly lew. The difficulty 
•i» otttainia' this low vi# r ?f grant- Jo niv oooatrarti* ie recognised 
and additi nal devices are o'' *' 1 "*ed w control stability during 
»~-.bn*ry«:»oa . 

Pontoons, fixed hr *11 •> > < ierr* , nr b«*erd:v feet hav- been used 
by different deeig^-rs v. o*er this - blae with drilllog barg«e.^ 
tSe Sea Engineering an- 1 Salve, #, Inc. • r «par«sn»ly recoa*rr*3 use of pon- 
toons for their proposed s be * r; *-. storage although the article deacrib- 
ing thus syst*; ie not clear,^* Tne article-* describing the Bethlehem 
sys tan claims that 00 v ditional devices are needed in their systoa sicca 
the above water surface will provide sufficient water plane ar*. This 
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In a personal c .)gi with the author, it was estimated that 

the costs for a 30,000 to 5'->>000 barrel installation In 60 to 100 feet of 
water would range between $20 -.d S» 0.00 per barrel and a larger siae instalr 

lation in tbe r» -^fcorhood of 1C* • 1 000 barrela would cost between $15 and 
$20.00 per barrel* 

12 

Fixed lojtallati: r, Pr f«’#ed by Mr. St^r^-aer of Keoe Grid# Oil Quit . 

Thin proposed «-<•-'* u is w Ln ten^.l dlsplasiar t syntae core*# t- 
ing of six 500,000 barrel circular '«u to be conotru.-ted on-aita in 
Lake Maracaibo jrlnrtpaUj *. ot oi pre#tn*»sed cctwrete sber*- ;ila* con- 
nected together ever th*ir entire lar^th by iVrl interlock „ In 100 
feat of water, the walla of an individual teat mold oooeiat of 16d 
vertical piles 125 feet ir. length w* tii etoel head* end poin'.» , wubeJt are 
driven incividvej I, in'* t * < • * n.: 1 ’j«i : • n_v.ctad * Dga'h e oy t** 

steal interlocka. Tne c» ■ . m of r -he tana f ne In b-. ttoa wito a 
hydraulic «c<*eeo to the lake by % pipe leading tcroiqgh lit# wall# of tfe» 
tank, fba walls attend free the tot Mai u * r-cinl about 'JL feet above 
th- surface of u a ***t er. 

Six tanks cofletrucTed tor*- bar end are covered by « platfoa 
which rapport# producti-o ^ciew., -wi, cd personnel quarter#. The 
spa-os bet<a*- ( ,iv» t.v c* . . . iad one f*jr» v*t*r ballast cc#<r»r^»»rt. s 
to l«->lp V%.roowr tuoyanc.* u' t, * and wind fu*c»-v are 

rvedsted by M*e piling. 

Discharge fuel lire# x»ao to .r anchored barge loading * Ml or 
which will serve aa the tank r t«mina> . G^igirti of the oil level cn 
be accomplished through the rvc / af t » ^uJta since tack conpar^eenta 
extend above the surface of the water to the bottom of the platfoaa. 






Si 



TV e : « • .1 r.^i# ri*c t»rior. <n »'*il 

ei'-iracterk, t ;% vat * t ii r nor-’ ,r«-. aj* 

n*.«*-ary but prelim . c*t - • i •• would be « . • o |l.li3 

p*r oarrfti for the -. 1 r - > ' « 11j tl cri . 

Mobile Offibore g ten. ► * • ♦ i •? U. 5, fcwr Ilf W. C. Nlqlcqn 

and Song, Seattle, W*a1 1 r . 

This can be ts 1 tree irternal displacement, mobile 

ayetem, for theoretic*! . y it U» deigned V hare sufficient surface 
stability untiar tow to any part f 1 1» mcr Id . This is accomplished by 
the use of certerline *.r calls* t on a*c». end of the ve*«al and a 

very low designed center of prav. i; „ 

The design of t uj* v*«3-»l is on two union* as»tmptlonii. 

First, it is assumed ttwt the vetj*l will set as a carfc carrier and 
second, it is assumed u*t the sto r»f compar*a*nt will nerer be com- 
pletely vacated to provide r-.vi.tive ou > aney for surfacing. These conli- 
tlans necessitate a better. o»er-a<l weight ar.d air balla*t 

tanks to the extent ti»et the remse: : net submerge with ever $0$ capa- 

city of the lightest prod ' . The re e.i capacity is 5>0 000 barrels for 
tuts heaviest prod^t. 

The sirvklsg ftr'r* i? pcjvldmJ by rTii*r/ nm air la'll as t tanks 
e* th sea wa er, and the f qaer Ucuahl*) -ing me end fire t" principle 
of submergence is pro .-«*d 0 - 1* ev* *•- a>“s not provide for any type of 
«w.'o , 'irp and tae • ff«- 1 of r> -.h 1 • *• forces apparei* ly were ignored. 

The inlet linr for "f'il'-og w He oresumahly l*ed to a buoy 
tanker terminal and th* dinctttrfe line would connect to * pipellxw lead- 
ing to shore. The air venting is controlled free • separate buoy. 
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1* f r fi*si )*«ri **d O flow ^ dl/ 

• «aWl prttBurt *j *«c.ic-i t««t» so Uh N««£b «/ b* 

.pwl^j •<* «ruii u>* T’at* 

i» p«b. -*1 J i«r* a/ in* prvnc>««n U ?«. Uw tv^» 

•D i « ««v, *r«t auadwM* kmX&l vrtJd &• JO e*X T5» m ft* 

in y prviUuiao , WX o«i -would • 7? jU jh • k.S 

<OJT«’ • KTlMb -’*<11 r< m '«J* »-_V>or 





















III. • T ’* ' > ?«<op* f'POLLii*' 

tfit* no ntfiomjfcj t# tfBMkziD sniuuil 

the fic«. c i i i -i >* ot c • or verrm oil ». wells 

from an isolated o:f»i >r* drv.lmi pletfors in 60 or <*.*re fr-t ■ water, 
the operator is lwx^iilely Csasd with tbs problem of gather-ia* std 
spy it of the oil to tbs reflaery. Uollke the onshore ops reVir, less# 
tsnks cannot be quickly '.«x i.*uc •' ai<d t;.e possibility of pip elines ex- 
tending out to such lap ths within -o* next dscads appear* w»7 r**ota.^ 

Under tiisas conditions, shat doss Jm c b new? *o# wra practice 
is to produce the oil iir* .*U.y in-c bar,--:* vjach are toe»o to »;s*rs by 
tiifs whni fiHed. A few t(x>* . w.rr«?L* hare been t^-^iorarlly it red 

on sms of the lorfe/ plsti t-ia is an ■o'DspticB . first , the 

platform are not ’.r ally .me tr.-, u-j -.o wi'-'-"-jvj this « . .nsl topside 
weight under the exp-vi*: r ir^e* w~ nd n.d *£▼?*,• and «▼<*: after drill- 
ing equipssnt Is rmtnrwi, resorro load capacity jnu t be atoll at&e to 
provide for work -over > -t*, .te-rnd, the pota.-M.ial u«xai'le fro* 

fire and explosion on ai iruloted ***r iei*nd is a definite restraining 
factor fn» cJebinin* toe * t - - « < - -if crude on 'j. e p.at'om c. ta th« 

well bead conneotioce , per*onn«l quarters, etc. 

This use of barye tre» deportation from distance wells is def ini ta- 
lly not cheep. Wr-rld pyi-r. . *-.u of t, 1956 reported tka* coats of 

tug rentals alone for one r rvtn) aver%i;e^ 1*0 e anti a barrel and that 
projected cost of ratals .fhr be.-„s an.) tug for a well 60 tulles crat would 
approximate close to »1,00 per barrel. 5 
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For th oj* tea v.jb#; to produce and continually uove the 

oil to shore from a i »cc* *ful erpioretory platform or fro a a field with 
a small allowable, t.^rr no alte-note choice but to t^* high 

oo st of barge transport* :«>. Title la true regardless of the type stor- 
age used. This aseuwfr. • u. vo eede by th* Sea Bogina ©ring and Selvage, 

Ino. iu fcheir .prop.-? t_ i.r a ^t'l $,700 barr-.-l *^.s*«rged stcra. * «c*d in 

l 

their comparative co*t erwuatijr «vJ re t m elevated platform* 

From a far fist \ot t ook at * # ovmr-all problem, the only real 
economic solution upper-art to this author liei In accumulated r tor age 
and tanker pick-up of tut production rate. The tanker load- 

ing procedure is c«eid«-M %^re e 'ncwloal predicated or; the aa*raeirtii«> 
that further traneyortaU ^ r tre oU to a die *>t refinery u re =Jrie»4 
by pipe! in- cr tanker v*e » t: ••"* : th* c: -ode t) Ut* n«r- 

eat ehore terminal . flue is Miffed to be a reasonable attraction. 

True, the ato** ytropooel incite- larje lures - to for et»v-*e* 

and se% t-rminals at a time -i n. prcx-UrC con rat~s are lev *o it *o«D 

require long intervals beta*® eoouoeXaal tanker loads, doe ever, from 

all reports eont of thv fielis i*ve fairly larga pot«itlel reserve#, *j a 

96 

with inert n-'d de^L . -ut *-h* -ic-je-tiur r®t*e will lrc r -.**ie. It i# 
believe that high iarr*tnmt an l/° r high operating costa fer railwrlog 
and treoepartation are lmevlta&La, er*d it would appmer raeh better to In- 
vest in a potentially axjatamUaai method than to merely m<U> «sta 
operations under e brtB red-.’ed^or ayata*. Am for tie lung lattmli 
bet**eca deliveries U* eorattttldtad deliveries ever txgr given lam leisrwl 
will t« the «m* und«r either th e p ree n d cr this pfrapeesa ttiktt . 

The proposal for use of tanker sea termtaala in *-b« midst of 
offshore oil Helds con present sons onmrl I nations. The ever present 
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hazards of collision a..d IIw « *’or teuv-od and pr»*s- ribed navigsnl# 
channels froa sea to the terminal iare ’« ' mite cons id- rations. To 
alniad ze the problaa, the operator cen locate the terwlnal on the sea- 
ward side of the field* How ere", as the number of platforms in any giren 
area increase with many differon- operators involved, pine the preeence 
of fisherad, it is evident that soae unified agrees r.t moat be reacted 
under the sponsorship of the U. S. Co«et Ouard whereby specified navigable 
channels can be marked for use of tankers in thee# pote&tial operations* 
Since these are international waters, this is a problem which can handi- 
cap all phases of offshore operations. An attempt is being aade to 

26 

clarify this problem through the United Nations. 

The location of the storage must be carefully planned to prevent 
future relocation. Any operator who should by chance place his tankage 
on an area vtoere future drilling b* required will be faced with a 
very costly situation if mov*»rtrt is •» <sa*y. 

The problms of tanker delays due to weather cAn ajain present 
soae costly coa.pliciti.va* R- cant re-atc-uh with regard to sea t«*r» Inals 
should help to minimi the .■> Jia- rr ^mme, but acm dCajr* »r» 
Inevitable. This is e risk mhi<fe met be accented, bat compared to the 
over-all coat of operttioem unaer the barge sy»*-ae r it is believed that 
there is no alterniti' * 

Aeeuaing that >ircmnla«wi storage is the ansmmr, tte luteal 
H<»1 for providing belli * .ar»<» wo old appear tc bt i #ubw vied crten 

Tie larger platfon*. 1 m tt»> would ym limited to *‘--.->ide 

5 

equivalent to cbout 10,000 ba rela, aic all 'rwle .tour - Us report *net 
their ooaetruction cost api-r.-ii.we tea three stlHes* ddllare. To 1 ra i seed 
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the topside weight capacity of the elevated storage without loss of 
stability would require structures which would make the present platforms 
look like miniatures and the construction cost would be astronomical. 
Larger barges are not the answer since frequwit stoppage of production 
is now experienced vh«i flowing into bargee. 

The use of salt dome stor has been mentioned as another poe- 

26 

sible method for offshore bulk storage, but no estimates of construction 
costa have been obaervedU Core drilling to define the limits of the salt 
done would be expensive, and in order to serve any extensive area# of 
operation the costly problem of laying pipelines would again arise. This 
method may be more potentially economical for a field on top of a salt 
done, but the submerged storage appears to have more chances of wide 
application. 

Continuing the supposition that rubmerged storage is more practi- 
cal, which of the preset proposed system would appear to be more 
feasible for a large bulk storage? In the discussion of this question, 
the 5,700 barrel semi-t««por*ry system and the mobile v»a-el proposed for 
military operations are not cone idered directly applicable to the problem 
end will be excluded. 

Each of three other sys !-•=■§ appear* to have earn distinct and 
separate advantages and disadw :*ta, m„ I>jb to lack of detailed informa- 
tion, a collate evaluat-o : arret be However, lists of paw* of 

the <e>re obviorua advantages ar«J die advantages are prono wd ae folia*** 
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Submersible Sec TmJc Farm by Sea E^lrwe^ing and Salvage, Ino , 

Apparent Advar.c ages : 

lo More readily adaptable to operating areas where permanent 
production platforms already exist, 

2. Cheaper than the Bethlehem system when production plat- 
forms already are available and appear slightly cheaper for a spread- 
out gathering system, assuming the quoted price estimate includes con- 
struction of production platforms, 

3* Storage compartments are completely submerged and thus 
are not subject to wind and surface wave action. 

U. Lee* subject to below water were action since a lover 
vertical profile is presented, 

5. Can be relocated by removal of pilings, 

6. Appears more suitable for depth of water over 100 feet 
since storage compartment does not extend from bottoa to surface. 

Apparent Din adv*n y . ages or Questionable Areas t 

1. Requires separate production platform and size of platforms 
included in cost estimate of J 20.10 per barrel is 'unknown* Thaee my be 
limited to an area merely for well head connections and may not pro fids 
operating epaoe for oil i-c-fcting facilities, personnel spec**, roam for 
sork-over ri^e, ex.<„ 

2. Stability boring tuUsergecce in depths of water over l<v 
feet is questionable aino • r^’iaining b.u^eaoy from < u*f*oe appears 



necessary, 



< 

Mobile _ . ct -t-*ui 5 t»el Company . 



Ap. tr- f ‘ jl'_ ■ • j *- . 

1. Incli.*** i n ' • r*. > c* ’.ctxoa pletfort. 

2 0 t'e*o ’ ty c* b v*jl * 1 •* ■» ••< • ** platform for additional 

drilling and work -c -.t, y »*te. 

3. Appear to s»»c Teeter vertical stability during sub- 
merging and surf.c-r.r v, p .’i. m dif to water plane action of vertical 
oolumns. Note that top stor - r wo'ild ^ ee^ty during these operations. 

U» Ease cf mobility claimed. 

Apparent Djaaara n ’ o~ r (fr. - td enable Areas : 

1« Ov**r-all stability of unit questionable when system full 
of light oil due to top -id** weight* 

2. Fron a cost viewpoint, it is not readily adaptable to an 
area where permanent prcch.-: tin platforms already exist. 

3c Since cost estimate doe-i not include any provisions for 
gathering system or taiu r • «* t«xsi»*a*l., it would be more expensive than 
the system proposed by Sea Engine e ran,- and Salvage, Inc. 

U* Subject to be tii wind and «urfac% wave action. 

5. Corrosio. s if •pltai - . »* .ardar to cottrol. 

32 

Fixed Imtallat! e-n cf t.i* fr • -T^ j?'-j >or Fora^dbo ., 

Apparar t Adv. . • 

1. £s ti» ■ c* t aji*\** *«rv J.v 0 

2. Cor.t<Uxm at. .atagrxl p.-txsuetion pl«tfo«»* 

Apparent Di.*' ' : ; ___ ji? ‘1 . i .«Ll t iritj* 

1. Proposed method of fabrication of pil«s md j&oa '-rwc lion 
requires preliminary exgeru«ntation. 
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‘J Wn- _ r : • . »r r* * ; -jrirc v weather frr 

coir-: tr"c*.i n* 



3c Oil :<iu r- e • alia questionable., 

U. Ho *;b' _l»r, 

5„ Suij -'*. « 4 * i* *K vami 3.za rijrface ware action# 

6. Sutject ». .ration fcy marin« borlo«a. 

EXia to tne to. iy vans bl«.i aid l«ck of detailed infora; tion re- 
garding tie three syst^o , ii vxud *?«■ imprudent to att«^*t to select the 
ideal system of the three for any gi-*en operator# However, the relative 
importance of productdon platforms to the three eystesas ie noted and a 
few remarks to this point will be made# 

Rather than dis usr production platforms in terms of any given 
typical situation* svie overall statistics included in the Special 

Report of February 2 ;, 1957 is*ue of Petrol eua Week will be used to bring 

2 

the over-all problem into focur # Tills article states that mobile plat- 
forms will drill about 8555 of the exril.ratory wells in 195? and 1958, but 
the ratio will drop to about 6 6i by 19bt„ As for development drilling, 
it is reported that mobile platforms will only drill about $% in 1957 and 
this ratio will continue to drop# From these statistics, it can be seen 
that the operators prvf»»r to drill usvelonment wells fro a fixed type 
platforms which can re *dily be adopted to production requirements after 
the drilling operation is ccm ieted# 

Of the two basic typ*s *-f subraergsd storage syrr-ema - with in- 
tegral platform or without integral piatfjrm - the question appears to 
resolve itself into whether de^.’upnent drilling can be accomplished 
from a combined storage and platform system. This point is highly 




3 ui^*aar*uie *" U- •• « 5V«1 auii*i t b*T *r* . d 

CM UQf • W»I'^U *: fm * Q« »•« <rvj *ftf LO <*• i'gOt i th» 

► liwt <*-« u pl*» sc»^r >• **•• *H. ■>. •>£*% r rro/m*ly I • 

.. • «■> v U- * i<t - . of an« propoM^ fiat 

&*> .« f J t # Ir- 4 fiod : rr ao«c p(i «Uox 
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t sux-'i.r* v ' .rj.u..";s 

T>» pai'.on# r 'i.lf <*'• .j :*•* ' fcl-4* (1 ; to provide 
qualitative crlterl- v i'h v.t be us*-. o rv«luate a pot* r.tial offshore 
submerged storage facilt., , u.rd (i, K ccrrsuate offshore pn*»Toctioo 

operations with * bin. n-' • . f >• *<Trod storsge cd. with pr»1 lalnary 

dosigns which have b<-en rw «r. proposed. 

Evaluation CrttTiu. 

Although a 8ub»uc*d aitr*:' rfatet* function &9 a complete 

unit, this study has «st. , l_.l>Aed tr*e '»ct no si^le criterion can 
b« uaed to evaluate ~. r . ; - 1 * r;« -\c ability of this <eth-d of storage. 
To the contrary, a n^pm* «v«LuAtlae eoalc uuaalat of a process «l»r«U 
the f-osibility of a pr<v -• : Vypv • Jc oe pno^- ~ salved y *ialyzed in 
terv* of each of th* v ti il f*ct r. *>.1 their fund&raecl al principle*. 

A degr-e of intend* ">> ->■ -• o-xe *f lt»< ftd.rs ie erd«t, 

a w#v«r, if the nr.euyvia ! • ..-.ro *.&»-' in • logical prt» *dure, it 1 b 

believed that the i • ■ . tual faetos-e can be e value ted separately with 

meet clarity. £**r h a pevs^c^r-.- If pr-’p-'i* 

It la ••eeirt Lai Oa" the op* rater first aetahliaf. firm -peratla? 
limitations or iapo^d ti ,/j *sfi ,r* ecy evaluation la attainted. 

Th« variations in o-*«*r*eil effect u %i<r differatft 'p-’rativ oond:- 

tiona heve been d*eor<i t.ret/d thr ... .t this stu<fcr, ani if a tailor-ed 
eyate* is d« sired, tvle rrucrraetS :o e-xvt be •mil able to th«* archiveo* . 

A list would include r*xn-._c=» 00*^13 tlrn f*.r:ociei 
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. . . -•. ;• v ..© [i:<l*Dc platform 



b» TV «vu>oc the ayat»» 

5„ The c : . *^i.t J. iy -l-i.rmi 

6. Th® i 1 . •• . « r-« -« 'T J 0 t:.e t tor*f « >y>t«i 

To The pr 7- • .. * f yp? of fuel level xnd fuel 

control 'i?ws 

It hat b«er 1 -net a id cone '.ruction, internal dla - 

placement ays tan if -'m only fe^.-ilis < ype for offshore opera fci one. 
Likewise, the feaslt L_.iv of a eyslme - na true ted on the «ite is highly 
questionable. It is Drcpoeec that toe evaluation of individual fectotra 
be made on the foil .'•In*,* .* 

1. Wei^it- : uayeiyy nela Li«.c**hip 

Initial mocm » serr-lJAn oi thir factor is appropriate since it 
relates primarily t' She ti*ic <* t s of capacity •/ 1 toe gravity of 
the product. In < ’ * ’ jzc, u - «. ■ of o t-.r factors will depend on 

this r-letionship.. r »« folLUwiof •' 'blished facta are pertinent to 
evaluation of Uiis factor* 

(a) IV critical point an this relationship exist* 4mti the 

eyst*» is full of tt* »s*. oil At that time, the net difference 

between weight and b : y r» . ir. a .-u-jIiku. und«r yuLe* rgoJ corJLitien*. 

(b) Fur either a couplet*!} s^aerged ayiXmt cr e aotUai- 

tior platform and « t« r^-e a . x** c j-ou j* weiv 4 of ua« I’iricT-'ir* , 

fixed ballast, and th« pro-- >r u! « r ff'ciei.t •• p • • 

submerged under ti»u* a .. A -*»re equitable bal«-ne# *xil be 



.• ilu • •• • - « M 

1* a'«t «/ V» r*)m* ’uxif *• ’f" « *tU t* ‘vroarr*, odf 

JMrr-i 0*3 /jr tf>»* »)f *ln ^ .a-* tliTiVitat!^, 

i‘.\ k. • • i - ■ . . i»»r ' : • Li retired 

in -v* frrm s*f _ . •• . - x:n. *, tn*<r> eb V*.,! be 

rr-_- ate.' Ui - v *r** «if «•: . ? < . - i ’U vtf. *u*J .~#tn-t 

over-all -ebilitr w m * v *a* - v* ov Me'Jt;***. . I* 

hsllaet wi_JL be >t, - ■ Ui A t%ro ■> s J r«l‘* # a. ■. me • • •:* • iiiw is 

regflHMR^sd ftr a «or* (KrmmoMiV wpecaefiy » * n Wp lateral 

forces ant be o^sev’*r 

. be-* i * : • •’ -•-• 

Plaruv. •*" 1 <vio*J tJt ?M-t»woyi.iev ittlatlooahip, 

t.ha operator suet Losorc bhvt proper cmeider . ti< n 1 m a been given 

tr. the effect of lateral for##, Ttos Tbllnwlnc fapta *ra perMn»t» 

(a) 11 ■ #f: a/ current «H1 generally be ire lpil/lcant 

in co*‘. art,? on to n *\ ac-j *,*- * r ,> 

(b) The for:*e if wir.«»> ru>-t '.e primarily inttr^c-rrted in 

teTW of waves E*n<Tu'-*d -y ■ •>« winds. However, the oi -rator woo desires 
ar integral product! c ie • r ? ai t ^mider this additional foroe 
against the exp«ed atruc^rre. These .erees will range aro«rt 2D to 

62 pounds per square foot for a 125-eeph wind dape.-*iing * the shape of 
the expos*! struct are. 

(c) *’*v* effi-cti will b» the stst iaportot facto- in 
lateral forces, with the inertiej. wat •» force predominatim.; . The magnitude 
of wave forces Is greatest In shallow va^er and near the a«rfaca in deeper 
water*. It will also vary with the shape and size of the anuerwater 
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iftrut-mr*. -- •» • pi'"t- t -y 

4 if wct>»rr.c» • « ♦ * . j ! * ... • la . ; «ona ldaretlsa, 

Fot capacity *jr* tee* is « jt*m lootloe, **• »mt* fbroa* 

a eo^»l*v*Jy ".fc»c • • : . t. • wi . f.r Uiau th->« aesiiiev a 

r<w.»iati » ay'' .* ->*-■•' .» • « - •• <•«* /vt*. v • { ,^utr 

vertical profile Ail *-rtm>A «fiani Kteo’j^ tr.e area rtaiv Ua 
ajgmtu •* of VJW f -t - - • tfi tu# ^r=»v a#t 

(i) r «• --- *v-j for r-s« :.La* no* 1 » tu lateral f\reaa 

will Oaf«cid or t..- ... ’ • •nr 1 raic£lona<un . i :w» nagnit-u-t* 

• f anp* +♦: )e « ■ m. *...#. f «rv'.t<m«’ta *• A r ila • inking 
forte «>j«r naxiaue ..-.ujraoey pcnft lOM All help to r>«iat lateral forces, 
e.sp#elallj fter t a/ete* v.Ui « lar^e fouodeticc and grid ai^t-uofm a 6 
op:«oa*a to a solid b at fc w MU ivr »bLi or t*apor«rj 1 m UH atlon , 

additional device <*. ■-« * of or.cbov*. Poo too vhii. *r% 

preesed agau* t U>e bet loa by tybrawllc ar dr jack* also wf be uaad 
and J attar* the stru. tur* L.t« • oui o ttoa will prtwrid* *» * reeietjovoa. 
In a htv peraaouot aje tea , >~> i XUc * 4ri*m. throng** taa|XL»Uae are jon- 
acldarad aora jrictlcaj „ **- ~r:,i . j of my of the a^:r* r«eib«.di will 

d*?evd on the xxll r,. , r », , • l, ■». c* *oo tb* hull Bust be «vffici«>tly 

supported to Athev«ij.i » <» „ In vnr c«-*«, th* preset • 

should require m4»« w»u- u»a atxve factors nave been earaAdJjf nos* 
sid«red ir.d that the -e */« . • , 1 r-rtet tt* pot~o\.*A lateral 

force* « 

3.. Soil bej.-lui vapaoity 

Soli be .rix»g istocs can v*J 7 w±d*gr, *i« '£> t'e 

omm jpweral area. This is priori iy «n installation problA, ewt tl» 
systaa Mat be adaptable to the various condition*. If a safe bearing 



ir \i' ' . ■ ■ r- ; - j : 1 I < '0 r*4 

*rco»- li* • • - . --•/ be •»* u p='3' r ^-'“ 

the sjs - fro . . '• - • & . i.: ?t>crui4 %Leo o® considerrd 

irO i' *r**cui dll t 1 r . 

1. 3Ubi:.to» 

It M.y b« -'**c lh*t p- *t ■- 1 1 » y enould receive firel 
consideration, The tuh- i t. • - >1 this factor i* net denied, t*at 

it depends prVsrily to v* iQl >11 eeixlt-bv-oya-ncy relati*sAip. The 
following fact* are pe : *-nt 4 o • -valuation of this factor* 

(a) iMcrfa;* *■ >-4..il t; -uri? on the rel«tlOi»h±p bt<trs« 

lb center of cr*n^, *.M o eater uf Naiyar cy , the positii® of t&e mu* 
canter, Vr *idOi ear •’ >-• Meot-rt o? fr*«boerd«. Alth -Cft 

tfte cm trr cf *- • -■ - ■ b» i. c ltrw u»r» jroeitir* :f tnr. jet*- 

ceeter fur one i tire eaab— . • / the m^X* «f iocHoetion el vhlch 

a positive nfl»t Lag «imki me t* i» • better lodiaaiion of etebiliVy. 

This informttsn cast only be debw&iied cy a nodal baata taax prefect 
and th-*re is n- awl • 5* j «x be iccrvieac :y low*rinj| the 

center cf fnrtitf or adrfln? evlcee pontoqna or air WULaat outers* ants, 
bet to InsurM eder *t» ft*j : 1 lar-’atlve 'o<* r • • n» cr in- 

*i’t on stability vrve « -1 f: *• »*«t aodMli. 

(b) IV oarv c TVbWhl feVft *jq vta&llttr .--oar* Jarlof 

eMt»jor^i?. t - o’v'r^*.'.. .• uv • ‘.ma/.s, i»» p- w tree- 

carfare tetff * Ibe *vrt4.oai aSUdia, «VtM la eoneader-ij to te on 
safe for water de-'tc.-. rr« io lie o*‘ the 'a LkXh. yum and fi**;* 

aechod. IV Mrf>VMBua iV>r«fi aad plaUbee ^*Ua rtU have a are 
stability during . -iov /je to t£e -t. jlu <?*itx>ao 

buoyancy can be added far the t-..r -lately ectVtrslOle tyre. Hein, uo-erer. 
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•to r+m ( or % > -"•n • 

5. nj, ■ ■ • , 

>*!■.. t eel t r.n.*»rt ,< - 

aet! , the fur fli - * • -r • vLds-ert ae • i' rv, •./ rfddi- 

lary «u.te. Ir. i;* • *t§y # It ml 1 1 ukL«c!« *11 nJr«a t " onr«ctl oea , 

ho*!**, /:*— r«s, and « 5 — '.mm > r • - - i*rc»* »r b*-. # - o v . : - . 

oil vlll be *ix»ocuiTf*- < C’Jxm^gr. Vi< lapcrtance of (bee* unit* to »<uz- 
‘••sful of«r*tUce - • - ••’. t ey will Dot directly inflwtte 

the 'hoioe of a typ** o' ir • -.e t try : «r ;•« adO\t^ to sat 

any type of r>* a*»n"^ » f- .■ **• h« with 

tian to the foiloeLiv .ic.-^vir^re # 

(«} Ci< the .•-*iT«oa*d fu*L be reailily adopted to 

preeoot ir proposed £»t f.vr.-rr vpet *■ 

(b) Save devices te« {raided Ter fuel level Ukiioatian 

and de thaar d*ricee pren i £:•■- aethoda to pr« . -nt overflow 

and pollution of th- w*l*r-a? 

(c) Doe- t<» r«»t*n F*t*~i • for sufficisrt po*pirf capak':*^ 
for discharge to ta: k<*rs :r b*_r, * 9 ? 

(t) Vt» i, »r* Uju ( .^riuat: of the pror»-**o s** i«>iuhl 
under weather corditic'-a a.n -Jc 1 !t h»<r facaliti*? fbr handlist dif- 
ferent siz» tantor* v h*rv«*»’i 
60 Coei el-^-'u 

When e**„. #•!»* bjii» frt» two or*cre r«p «t*ule c«. ^ 1* < tha 

el*»*nt of coat ©ou: 1 b* d< jo the o*v««>r herai, It oovlO b# very 

misleading md this atopy has proved cmeludvely t>*\ <v. rr*l <»ti on 
should be attoapuad on cost alone. With the many variable w.Jx h can 
effect tiie ultimate design, it is the opinion of the author taat cost 
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tr»jdld t, i't •• I’.-*# ./jot «■ nnt«rlt 

n, b-<n » ’ •. 

t. i pitting Camfcfcjgqp . 

tiia atai ia.*f •_. . .i.\ h tab* available to tl!« ui'JMf , 

it Is coatidered tint tito po^^r riallj c ww inl aBtkcd f**r gat lur- 

ing am) bow* n ffaltor« eL f~«i *»U» pcuddp v- 20 r*U*at wm 
li># in !-•/» Vf o :• • • - jud • ; \. - .-j 1 -->ets ’• «lth Uuc 

sec Pyrin*/. If**) • v/iUb »1»1W Ip th* 

erne p*c *'W i > by the r - . .nr’..- -• r* . nd 8*i • */v , Irr. • 12 flari Ine pr*e» 
•prlic«»-i--'cp in < £f i-ar* p r " < ’»’ + . • • 

All off ?■ o r * • •)« th* thrre nil. li.vt an# ir. 

interfcxtlaoal *afc#r: . Bl IA#.t tha problem# af cavlf atl oa for 

both baryoo and tanker* fill itvrniMP no itx 4rTalop»*n of vhla «ra 
cuBtJjiBpn, Effb’-U tc sQanf} U;t« • • ’>*i , an ttiratgh tb< U\»'.*d IsUoai 
•hould t>« cowt inu«d wrf addiULuaaJ Mlfllid uUcs, aadar Ube «poo«- rahip 
of tfcp V. 9« 0oa»% 0 m* 14. 1# vw (iMflti ;«n*hule oxuuaala 

Itarouri tha offano:* :>u * i« *. 

C 

T»i >1 . . .. . »:.V» .tjiTIfl : • •-. iff'*’-*’'* 

opBraUooa W r-w. . *. » • ri-u^r. -m* jm. • > t- . ca jn wefrt 

tr*dp journal • aaggaet that ?--*/ oenv WvrvtlaD la b«tiv» r- fa bo this 
■rtbod of *tora^«c BaiVf r# ■ r^aUi uot >.o th* }^ti<ubcUtio, nc cr*r»- 
all «v«UuLtiac has r »-< u»de :f tbp Taoturv atJUb Bn lan&aoe* 

Uie '••aim acait on*”*' toe * • ri « c 

Id tbit ihaaia tr* v.noua factors ablab mat ba oonUllbd la 
planning and operating a s-.ibs^rgrd storage facility hare t**c presented 
and qualitatiTely evaluated. The basic ateps of project analgia desirable 



xn juanaLv « b i,r * „ i.-.n \1 b*». outlined. 

Tne fiH.tf.?'. r - l» -i : g' :ubj»c‘ is realized by the 
author and it is n* n* ••-•i*-! i piy : «-t all of the factors have 
been covered un «u.ir’-*r>. e* ' »•. i'rc pantitative a:.«kiy*is and sun- 
marlea in the fon 4 runre.- v- J :w '•* b:lp-d to clarify seteral factors, 
bit the time avu l« f .je f>r uji* - - . oo rot pemit their prepar* tion. 

The timing of thxs at. t f ■ to i-e Appropriate and it is hoped 

that it Kill provLd a sound fcjo_a .'or evaluating a potential submerged 
storage syut«i to those wk *c.sb to consider this type of storage. 
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